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Abstract. Matra Gravitational and Geophysical Laboratory (MGGL) has been
established near Gyöngyösoroszi, Hungary in 2015, in the cavern system of an
unused ore mine. The Laboratory is located at 88 m below the surface, with the
aim to measure and analyse the advantages of the underground installation of
third generation gravitational wave detectors. Specialized instruments have been
installed to measure seismic, infrasound, electromagnetic noise, and the variation
of the cosmic muon flux. In the preliminary (RUN-0) test period, March-August
2016, data collection has been accomplished. In this paper we describe the research
potential of the MGGL, list the installed equipments and summarize the experi-
mental results of RUN-0. Here we report RUN-0 data, that prepares systematic
and synchronized data collection of the next run period.
1. Introduction
The recent discovery of gravitational waves by the LIGO/VIRGO Collaboration
[1, 2] generated a focused interest on the further improvements of the detection
capability of these ground based facilities, reducing the surrounding environmental
noise. A conceptual design study about the feasibility of a third-generation gravi-
tational wave observatory, called the Einstein Telescope (ET), has been completed
[3]. The underground facility of KAGRA in the Okuhida mountains in Japan is
close to perform a test run [4]. As part of the Einstein Telescope design phase,
a ground motion study was accomplished in 2010 to determine the seismic noise
characteristics at various sites all around the world [5, 6], including a Hungarian site
in Gyöngyösoroszi in the Mátra mountain range (Fig. 1/a). Here the preliminary
investigation indicated excellent parameters in noise reduction.
In 2015 the Matra Gravitational and Geophysical Laboratory (MGGL) of MTA
Wigner Research Centre of Physics has been established in the Gyöngyösoroszi ore
mine, which is out of operation in the present days. The Laboratory is located
in the coordinates (399 MAMSL, 47◦ 52’ 42.10178", 19◦ 51’ 57.77392" OGPSH
2007 (ETRS89)), along a horizontal tunnel of the mine, 1280 m from the entrance,
at 88 m depth from the surface, in the former instruction office near to the first
shaft. The Laboratory is near to one of the sites of the above mentioned short
term measurements in Refs. [3, 5, 6]. In the MGGL several measurement platforms
were constructed on concrete pillars for long time seismological research (Fig. 1/b).
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Figure 1. Left: The location of Matra Gravitational and Geophysi-
cal Laboratory (MGGL) in the Mátra mountain range and inside the
Gyöngyösoroszi mine. The ore mine in Gyöngyösoroszi is indicated
by a red line, the black dot displays the 1280 m distance from the en-
trance. Right: Facilities of seismological measurement inside MGGL.
Furthermore, MGGL has a direct optical data connection to the surface for fast and
reliable data transfer.
The construction of the Laboratory has been finished in February 2016. The
first data collection has been started in March 2016 and ended in August 2016. We
consider this time period as a test to explore the research potential of the Laboratory
and the installed instruments. We name this period as "RUN-0" data collection.
In this paper we provide a short survey of the geological and rock mass char-
acteristics of the site indicating some further potentially important research lines,
and report a preliminary summary of the various measurements in operation. All of
them are designed to measure low frequency noises or dedicated to test underground
facilities. The participating equipments are the followings:
(1) A Guralp CMG-3T seismometer inside the underground MGGL, and a Stre-
ickeisen STS/2 seismometer in Piszkéstető, at the surface;
(2) A special seismic sensor of the Warsaw University, which was developed
specially for testing underground sites for future gravitational wave detector
at the critical low frequency range;
(3) An infrasound monitoring system, which was specifically designed to filter
false gravitational-wave signals and already applied at aLIGO detectors in
the USA;
(4) Lemi-120 extremely low noise and wide frequency induction magnetometers
inside the Laboratory and also at a surface site in Piszkéstető;
(5) A portable muon telescope (muontomograph), which provides data data to
study the density inhomogeneities of the surrounding rock mass. This equip-
ment is designed for underground operation and detects the high-energy cos-
mic muon flux.
In the following sections we describe the installed facilities in detail and elaborate
the RUN-0 data, exploring their nature.
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2. Geological background
The formation of the Mátra is a consequence of several phases of volcanic activity,
which lasted for several million years including long quiet intervals. The volcanic
activities of the first phase are connected to the beginning of the Tertiary period
(Eocene), and their relics can be found on the northern edge of the mountain range.
The main mass of the mountain range was formed in the second phase, during
Miocene. The volcano must have been 25 kilometres wide and 2000-2500 m high.
The traces of post-volcanic activities in the third phase can be seen on the western
and north-western edge of the mountain range. Since its evolution, the Mátra has
almost constantly been eroding, but in varying degrees; the dominating height of
its surface is 700-800 metres which is occasionally interrupted by peaks of 850-1000
metres [7].
The main rock type of the Mátra mountains are volcanic rocks, apart from the
andesites, include some pro-pyritized andesite (“greenstone”) and also rhyolite. Oc-
casionally we find basaltic tuff and conglomerate. Mainly andesite rock types are in
the investigated area (see Figure 2).
Figure 2. East south-east – west north-west geological cross-section
of the investigated area in the Mátra mountain. The small quadri-
laterals show the mine adit. MGGL is located in the Károly dyke,
399 mBf.
The Mátra mountain range is along the Darnó-lineament, which is the most impor-
tant Neogene tectonic component element, trending NNE-SSW cutting the eastern
part of the mountains.
Gyöngyösoroszi is located in North Hungary, at the southern slopes of the Mátra
mountains, which is the highest mountain in Hungary. The copper mining activity
started as far back as in 1767-1769. At the beginning of 1980, parallel with the mine
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operation, a special mine inflow operating system was developed against the acidic
water. In 2012 the mine was closed and reclamation activity has been started.
The andesite rock mass is moderately blocky. Around the mine the rock blocks
are unweathered (fresh), however, mainly the ruptures and fractures are several
times weathered. During the design of infilling the abandoned mine, the rock mass
mechanical parameters were calculated by Józsa et al, see Ref. [8]. According to
their publication, the following rock mass parameters were used: internal friction
angle, φ=25◦; cohesion, c=1100 kPa; deformation modulus, E=1 GPa; Poisson ratio,
ν=0.37; saturated density, γ=24 kN/m3.
The ET site selection measurements report different noise levels for qualitatively
similar rock mass and report that hard rocks are less noisy than softer ones [5, 6].
The above data shows that the andesite of Mátra is hard and belongs to the family of
less noisy rock types. However, the information above is not sufficient to characterise
neither the noisiness nor the noise damping properties of rock masses. The role of
the characteristic rock mass properties in noise damping is an open question and
may be important in the site selection procedures because of three reasons.
– This information can give a preliminary estimation of the optimal depth of
the telescope without detailed measurements.
– The longest measured characteristic time scale of construction related rock
mass relaxation is about a year [29]. The disturbed rock mass relaxes and
therefore noisy for a long time after the tunnel construction and this may
influence the operation of a gravitational wave detector.
– The dispersion relation of rocks and rock masses at low frequencies is crucial
for the calculation and measurement of gravitational gradient noise filters:
the transfer functions cannot be measured by classical seismographic meth-
ods. Therefore a combined laboratory and field study is required in each
sites. Our more detailed arguments are moved to the appendix.
3. Seismological measurements 1
Seismic noise sources are often categorized according to their frequency ranges.
For Einstein Telescope, critical frequency regions are in the domain 0.1 - 10 Hz,
because here this is the primary sensitivity limit together with the Newtonian noise
[3]. In this region the seismic noise is varying mainly due to microseismic and
human activity [6] . Noise sources at frequencies below 1 Hz are dominantly natural,
depending on oceanic and large-scale meteorological conditions. Around 1 Hz wind
effects and local meteorological conditions show up, while for frequencies above 1 Hz
additional sources (besides natural) are related mainly to human activities. Such
noise is termed ‘cultural noise’ or ‘anthropogenic noise’. It is therefore important to
choose a site location far from oceans, as well as present and future human activities.
Peterson [9] catalogued noise power spectral density (PSD) plots from 75 seismic
stations distributed worldwide. Several years of data were collected (about 12,000
spectra in total). From the upper and lower bound of the combined data of the se-
lected stations, Peterson derived the New High/Low Noise Model (NHNM/NLNM).
Microseismic ground motion is a prominent feature for frequencies around 0.07 Hz
and 0.2 Hz. The small lower-frequency peak correlates with the frequency of coastal
waves, where the ocean wave energy is converted into seismic energy through either
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vertical pressure variations or from the surf crashing onto the shore. The larger peak
at about 0.2 Hz originates from standing ocean waves that couple to the continental
shelf. The standing waves are generated by superposition of ocean waves of equal
period traveling in opposite directions.
The large interferometric detectors GEO600, LIGO and Virgo are placed on the
surface of the earth and, consequently, are sensitive to seismic disturbances. From
ground motion measurements it is clear that the level of seismic noise in underground
environments is usually much less than the one the surface. Thus, the need to reduce
the seismic noise to achieve the desired sensitivity for the Einstein Telescope seems
to be fulfilled by choosing an underground site where the low seismic activity and
the uniformity of the underlying structure may play a dominant role in the site
selection process.
According to the above short discussion, the aims of our seismological measure-
ments at the MGGL are seismic noise characterization of the mine and the study
of noise attenuation with depth. In order to achieve the above goals, seismic noise
measurements are carried out using both the surface station and the in-mine station.
Data obtained from these two stations are then compared with each other.
The low-noise broadband seismic station (ET1H) is equipped with a Guralp CMG-
3T seismometer, installed along the main drift of the mine in the Mátra Gravitational
and Geophysical Laboratory. A permanent broadband seismic station (PSZ) of
the Hungarian National Seismological Network (HNSN) is situated at the surface,
just a few kilometers away from the in-mine station. It is equipped with a high-
performance Streckeisen STS-2 seismometer. Both the Guralp and the Streckeisen
seismometers have a flat velocity response from 0.008 Hz to 50 Hz.
Measurements were obtained over a three-month period (1st March - 31st May
2016). In all of the results presented below, fast Fourier transform (FFT) was
performed to obtain power spectral densities (PSDs) in (m2/s4)/Hz. For comparison,
the high- and low-noise models are also plotted in Figs 3-5. Spectral variation plots
are used here to not only show the amplitude of the seismic signal, but also present
here how much time, as a percentage, is spent at a certain level. This is indicated
by the color of the plot (see sidebar).
The PSD plots obtained for the vertical component waveforms at the surface
station PSZ and the underground site ET1H are summarized in Fig. 3. the first wo
compare the overall spectral variation at the two sites, whereas the figure pairs at
the middle depict the PSDs in daytime (between 8 and 16 hours local time) and the
Figures below at night (between 22 and 6 hours local time). The Figures clearly
show that the noise level is usually lower for the in-mine station than for the surface
site, especially above 0.7 Hz. In this frequency range, the effect of noise is more
pronounced on the surface than in depth. Above 1 Hz, where seismic noise is mostly
due to human activity, the noise level and its scatter are higher in daytime than at
night.
In order to better emphasize the difference between the surface and the under-
ground sites, Fig. 4 shows the mode of the PSD histograms at the two stations for
the vertical and horizontal components. Below the microseismic peak at 0.2 Hz the
difference between the two stations is negligible. Between 0.2 and 5 Hz, however,
the vertical component noise level at ET1H is about 2-5 dB lower than that at
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Figure 3. Vertical component power spectral density (PSD) his-
tograms for the underground site ET1H (left column) and the surface
station PSZ (right column) of the RUN-0 seismometer data. The over-
all PSDs (first row), the daytime PSDs (second row), and the night
PSDs (third row) are illustrated separately. Thick grey lines repre-
sent the low/high noise models of Ref. [9]. Colors indicate histogram
levels.
PSZ, whereas at higher frequencies the difference increases to as large as 20 dB. Re-
garding the horizontal component, the difference between the two stations is more
pronounced: between 0.2 and 2 Hz it reaches ∼5 dB, in the frequency range of 2-4 Hz
it is as large as ∼10 dB, and at higher frequencies it exceeds 20 dB. Accordingly,
cultural noise generated by human activities has mainly horizontal component.
Figure 5 compares the vertical and horizontal component noise levels for the two
seismic stations. At the underground site ET1H, above the lower microseismic peak
at 0.07 Hz, the vertical and horizontal noise components are practically the same.
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Figure 4. Comparison of the vertical (left) and horizontal (right)
PSDs at the underground site ET1H (solid line) and surface station
PSZ (dashed line) RUN-0 data. Lines represent the mode of the cor-
responding PSD histograms after three-point moving average smooth-
ing.
Figure 5. Comparison of the vertical (solid line) and horizontal
(dashed line) PSDs at the underground site ET1H (left) and the sur-
face station PSZ (right) of RUN-0 data. Lines represent the mode of
the corresponding PSD histograms after three-point moving average
smoothing.
At the surface station PSZ, however, the noise level of the vertical component is
about 5-10 dB lower than that of the horizontal components together for frequencies
above 1 Hz. This observation also proves that at the surface human activities mostly
generate horizontal-component noise. Both components are important for the ET
design.
4. Seismological measurements 2
A second, independent seismic noise data acquisition was performed with a custom
made seismic sensor of the Warsaw University. The measurement system uses three-
axis seismometer, one for vertical and two for horizontal measurements. We are using
the LGT-2.5 and LGT-2.5H geophones with the resonance frequency of 2.5 Hz. The
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Figure 6. The left panel shows the three geophones in the metal
housing, while the right panel presents the entire detector mounted
on a metal plate.
PC USB to RS485
Data 
acquisition system
DAS
Geophone
sensor
GS1
GS1
GS1
RS485
Metal enclosure
USB
Figure 7. The block diagram of the data acquisition system.
three sensors are mounted in metal housing, shown in Fig. 6. The analogue signal
from the geophones is connected to the data acquisition system placed inside the
metal housing, see the right panel in Figure 6. The block diagram of the seismic
measurement system is presented in Figure 7.
The instrument was calibrated by comparing the reading with a Trillium broad
band seismometer, and its sensitivity was assessed by measurements of the noise in
a seismically isolated vacuum chamber. The sensitivity at 1 Hz was found to be
≈ 2× 10−10ms−1Hz−1/2.
We have started gathering the data on May 24th, 2016. In this paper we present
the early analysis of the first 77 full days of data, starting on 25th May, 2016, until
8th August, 2016. The instrument performed flawlessly during this period. For the
purpose of data analysis the data of each day were divide into the 685 chunks with
the length of 16384 samples. We have calculated the velocity amplitude spectra
of each chunk, and then calculated the daily average velocity amplitude spectra.
We present the results in Figure 8. The level of the seismic noise is approximately
2 − 3 × 10−9ms−1Hz−1/2. There were two days with increased noise level in the
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Figure 8. The daily power spectra of velocities of the RUN-0 data
of seismic sensor of the Warsaw University. The left panel shows the
velocity amplitude spectra in the horizontal direction while the right
panel present the vertical ones. The data of the quiet day - 16th July
- is shown in red.
1 to 10Hz band. Apart from that the seismic noise level is very stable, and the
day-to-day variation of the noise is smaller than a factor of two.
We find several lines in the data. There is the omnipresent 50Hz line with a
25Hz sub-harmonic. However, there are also quite narrow lines at 4 and 5 Hz in
the spectra. The identification of the lines is not clear but we believe that they are
caused by anthropogenic noise. One hint of the origin of lines comes from analysing
the 16th July data. This has been agreed to be a clear day when all non essential
machinery is turned off in the mine. The data of 16th July is presented as red lines
in Figure 8. Some of the lines are not present in the averaged spectrum of that day,
which clearly supports the interpretation of their origin in machinery operating in
the mine. Additionally it is worth noting that the overall level of the noise on the
quiet day does not differ strongly from other spectra. This means that the artificial
seismic noise in the mine is constrained to narrow bands. A detailed analysis of the
data will presented in a forthcoming paper.
5. Infrasound monitoring
Beside seismic motion, the pressure waves in the air make vibrate the compo-
nents of interferometrical gravitational-wave detectors, especially the outer suspen-
sion points of the in-vacuum system and other components that are not protected
by vacuum [10]. While these soundwaves increase noise, they also can generate false
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positive gravitational-wave (GW) signals, which have to be distinguished from real
signals [11].
The measuring range of current GW detectors (aLIGO, AdVirgo, KAGRA) is
10 Hz-10 kHz [12]. At aLIGO the microphones, which are sensitive in the critical
low frequency range 10 Hz-30 Hz are able to detect sound waves which cause false
positive GW signals. After detecting these false signals, special algorithms can
veto them. Since Einstein Telescope (ET) is designed to detect GW signals in the
frequency range 1 Hz-30 Hz, monitoring the pressure waves of air that is lower in
frequency than 20 Hz (infrasound) will be essential in order to use veto algorithms
in this range.
Beside these effects, infrasound also contributes to gravity gradient noise of the
detectors. This type of noise is caused by moving masses in the ground and air re-
sulting fluctuating Newtonian gravitational forces around the interferometers which
can modify the positions of test masses. Though, this effect is intensively exam-
ined theoretically [13, 14], new measurements with suitable sensors are needed to
investigate the effects of infrasound on GW detectors.
5.1. Infrasound monitoring system. We have developed a new infrasound mon-
itoring system at ATOMKI, Debrecen for the above purpose. The system consists of
a capacitor infrasound microphone and a data acquisition system. Since the pressure
resolution of the microphone is on the order of 1 mPa within the range of 10 mHz -
10 Hz, it is suitable to measure air pressure fluctuations in the physical environment
of ground-based and underground interferometric GW detectors.
The design is based on the design concept expounded in Ref. [15]. The micro-
phone is sensitive to the changes of air pressure with a flexible diaphragm, which
separates a reference volume from the outside environment. The reference volume
is connected to the environment through a small capillary. The diaphragm moves
in response to the difference between the pressure of the environment and the ref-
erence pressure. These vibrations are converted to an analog electronic signal by a
sensor, and sampled to produce time series of amplitudes linearly proportional to
the infrasound wave amplitude. The sampling frequency is 1024 Hz.
5.2. Data processing and results. The infrasound monitoring system was in-
stalled at MGGL in order to characterize the infrasound background at the Labo-
ratory and to test the capabilities of the measuring system. Data collected between
16th June and 21th August 2016 were processed. In the mine reclamation work was
done during daytime, so only the first seven hours of each day was used to compute
representative Pressure Amplitude Spectral Density (PASD). PASD plots depict the
power of the infrasound signal of a given frequency.
Data processing method disclosed in Ref. [6] was implemented in a Matlab soft-
ware. Then, the most common PASD value (mode) related to a given frequency was
computed (see Fig. 9). Studies aimed to separate noisy and quiet periods and the
identification of infrasound noise sources is under progress. The peaks of the plot
may be due to tunnel resonances. In order to examine this possibility, more targeted
investigations are planned with several measuring sites along the tunnels, with an
advanced infrasound monitoring system, including more microphones. It can be as-
sumed, that the appropriate choice of the geometry of the tunnels for ET can result
lower values, since laboratory specific resonances of MGGL can be avoided.
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Figure 9. Representative pressure amplitude spectral density
(PASD) of low-frequency pressure waves registered by the infrasound
monitoring system in RUN-0 data collection of MGGL. The solid curve
represent the mode, or most common PASD value corresponding to a
given frequency
.
6. Electromagnetic measurements
The comprehensive geophysical study of the site involves detailed electromagnetic
investigation of the local environment too. On the one hand the so called magne-
totelluric exploration has been proposed to recover the spatial distribution of the
electric conductivity in the close vicinity of the subsurface laboratory, MGGL. On
the other hand an electromagnetic noise test has been performed focussing to the up-
per ULF (Ultra Low Frequency)-lower ELF (Extremely Low Frequency) range. The
following subsection provides a brief description and specification of the hardware
instruments and software environment applied in the course of the electromagnetic
noise measurement campaign.
The frequency range of interest in respect of the Einstein Telescope is the lower
part of the ELF range, with critical focus on 1-10 Hz window. Detailed under-
standing and modelling of the propagation characteristics of natural and man-made
electromagnetic (EM) signals in the subsurface is also of great importance to ensure
the expected sensitivity of the proposed gravitational wave detector. The sources
of the natural signal in the ELF range are mostly related to the global thunder-
storm activity and local individual lightning discharges. The former results in the
so called Schumann background, which is characteristic issue of the electromagnetic
excitation of the Earth-ionosphere cavity. The latter occurs occasionally, results
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in few millisecond long broadband transient impulse and related to local meteoro-
logical conditions. The investigation of the EM attenuation characteristics of the
overlying rock in the frequency range of interest is feasible by long turn multisite
monitoring of the horizontal magnetic components of the natural source ELF sig-
nals. In the frame of the project the empirical EM transfer function of the overlying
andesite block is proposed to be reconstructed by means of comparative spectral
analysis of the EM signal recorded at the surface and at the subsurface location.
The electromagnetic noise test proposed in the MGGL consists of parallel obser-
vation by means of a underground (MGGL) and a surface (Piszkéstető) installed
systems. The two systems have been constructed to be identical. Detailed compar-
ative statistical analysis may provide information about the polarization effect and
the frequency dependent dumping of the surrounding andesite block. To achieve
more accurate estimation of the attenuation characeristics, the surface observation
instruments has been installed in the area of the Piszkéstető station which is an
offsite observation station of the Konkoly Observatory, Research Centre for Astron-
omy and Earth Sciences, HAS. It lies about 5 km from the MGGL. In that scale the
natural geomagnetic variation of the ULF-ELF frequency range (3-3000 Hz) can be
considered to be homogenouos assuming similar induced contribution to the total
magnetic field variation. Therefore the comparative analysis is reasonable in point
of the two electromagnetic observing station.
6.1. The data acquisition system. The data acquisition system consists of a
Raspberry Pi based data logger, two 16 bit A/D converters, an analogue filter and
two induction coils as sensors of magnetic field variation positioned perpendicularly
in a horizontal plane. The timing and synchronization is based on Network Time
Protocol (NTP). As the main consequence of a few months test measurements shows
dominant power line disturbances at 50 Hz and its odd harmonics, an attempt were
made to attenuate the man-made noise and enhance the relative strength of natural
origin components. In the course of the data acquisition magnetic variations of the
upper ULF-ELF range was detected by means of Lemi-120 extremely low noise and
wide frequency dynamic range induction magnetometers. The noise characteristics
of Lemi-120 induction coils are plotted on Fig. 10. The sensor noise remains below
0.1 pT Hz−1/2 in the wider focus range of 1-100 Hz.
The amplitude transformation and phase shift of the two individual induction
magnetometer are displayed on Fig. 11. The green markers plotting the transfer
function of the induction coil N650 fits to the blue curve determined by induction
coil N649 with less then 1% tolerance.
The coils installed in the MGGL have been layed over a silica sand bedding to
avoid coupling of microseismic noise through direct contact between the sensors
and the concrete basement. The Lemi-120 induction magnetometers of the surface
site have been buried 50 cm to avoid micro resonances of wind disturbances. The
orientation of the sensors are exactly the same as in the MGGL. The hardware and
the software system is just identical to the subsurface station.
6.2. Results. The dynamic specra of the magnetic variations in the MGGL still
demonstrates heavy load of power line disturbances and its harmonics, despite of
the applied filter configuration, see surfaceplot on Fig. 12. The dynamic spectra
of the environmental magnetic variation confirms that the power spectral density is
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Figure 10. Noise characteristics of Lemi-120 induction magnetome-
ter (factory datasheet)
continuously dominated by the 50 Hz and its upper harmonics, 100 Hz and 150 Hz.
The spectral peaks of 16 Hz and 32 Hz is continuously present too. The noise loads
are related to the power distribution of the MGGL and the suction pump which
dredge up the water from the deep, and the lamp feeds of the mine respectively.
The lowest frequency mode of the Schumann resonance appears at about 7.83 Hz at
low EM noise pollution observation stations. It is the strongest mode and slightly
varies owing to the natural modulations of the resonator geometry. The magnitude-
square coherence of the time series recorded at the MGGL and surface stations
confirms that the natural origin spectral components cannot be identified by a 16
bit ADC besides the present conditions in either orientation (WSW-ENE and NNS-
SSE), see Fig. 13. The location and the collected data seems not to be sufficient
to let natural origin spectral components to be recognisable besides to man-made
noise components. Relocation of the sensors, farther from the instruments mounted
in the MGGL could significantly improve the signal-to-noise ratio and may facili-
tate comparative study of surface-subsurface dataset. Further improvement of the
data quality will be achieved by the application of 24 bit ADCs, which is under de-
velopement. Implementation of the proposed modifications may result in improved
quality of electromagnetic recordings to be feasible to extract natural origin spectral
components.
7. Measurements of the inhomogeneity of the rock-density at
large-scale with cosmic muon tracking
Cosmic-ray muons are created in the upper atmosphere and reach the surface of
the Earth. Measurement of these highly penetrating particles opens the possibility
to explore the large scale inner structure of rock formations above a measurement
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Figure 11. Transfer function of the Lemi-120 serial number N649
and N650 induction coils installed in the MGGL. Green dots represents
the transformation factor of the N650 sensor, while the blue curve is
linear interpolation of the characteristic markers of N649 sensor.
point by a detector placed underground. This technique was applied earlier for cave
researches, cosmic background measurements for underground laboratories and for
civil engineering [16, 17, 18, 19, 20]. In the present study, this method was used to
explore the inner structure of the Mátra mountains above the MGGL, based on the
idea that highly penetrating cosmic muons loose their energy at a known rate while
passing through the medium. The measured muon flux carries information on the
density-length (average density × thickness) of the medium, similarly as X-ray or
computer tomography in case of medical or industrial usage with smaller size (<
meter) objects. The aim was to investigate the rock density homogeneity above the
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Figure 12. Characteristic spectra of the north north-west oriented
sensor (upper) and the east east-north oriented sensor (lower) installed
in the MGGL. The red and the blue curves represent the highest and
the lowest values occured in the studied representative time windows.
The darkest gray shaded area represents the expected power spectral
density.
Gyöngyösoroszi mine by performing a high precision measurement of cosmic muon
flux to cover the 2pi of the upper hemisphere.
7.1. The portable muon telescope. To perform muon flux measurements in full
2pi, a portable tracking system, called the Muontomograph, has been developed by
the Wigner Research Centre for Physics [20]. The system, which uses Close Cathode
Chambers [21, 22], is optimized for environmental applications [16, 17, 18] with its
weight of 15 kg, size of 37 × 33 × 27 cm3, sensitive area of 25 cm by 25 cm, position
16 BARNAFÖLDI ET AL.
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Figure 13. Magnitude-square coherence of the time series’ recorded
at the MGGL and surface stations in the north north-west (upper) and
the east east-north (lower) directed sensors, based on a representative
one hour long time window. Datatips show basic Schumann frequency.
resolution of 1.5 mm and angular resolution of 15 mrad. The Muontomograph
is housed in a plexiglass box, which besides giving mechanical support, provides
environmental isolation as well.
The system requires continuous 0.5-2 l/h gas flow during data taking, a standard,
non-flammable mixture of Ar and CO2 in 82:18 proportion. All functionalities and
supply systems, including high/low voltage, triggering and data handling (DAQ) are
integrated into one unit as on Fig. 14 in Ref. [19]. The measured track coordinates
on the layers along with timing and triggering informations are recorded. The total
power consumption of the complete detector system is about 6 W. With a standard,
10 l, high-pressure (pmax < 250 bar) gas bottle, the system is capable of autonomous
data taking for about a 2 months.
7.2. Cosmic muon flux measurements in MGGL. In order to determine the
cosmic muon flux in the upper hemisphere, three measurements were performed
with the Muontomograph in orthogonal directions at the same position in MGGL.
The detector was located at the northwest corner of the laboratory room. First
measurement was directed to the zenith and took 48.3 days. Second measurement
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Figure 14. The portable muon telescope consisting of six Close
Cathode Chamber tracking layers [19].
was going on 41.9 days and directed to the east-northeast at ENE(66.5◦) and finally
a third position with 34.5 days duration to the north-northwest NNW(335.5◦) 1. All
measurements covered an angular region up to about 50◦ from the nominal direction,
that is, providing a nice overlap between the settings. Details of the measurements
are summarized in Tab. 1. Data were downloaded from the detector via Ethernet
connection during the data taking period in MGGL for online checking of data
quality. Timing was provided by the NTP time protocol.
Table 1. The summary table of the RUN-0 data collection of MGGL
in Gyöngyösoroszi mine: the detector principal direction to the mag-
netic north and in zenith, the duration of the measurements, number
of events, and the number of measured muon tracks.
Runs Direction Zenith Duration (days) Events Num. of tracks
Run-0-M2 zenith 0◦ 48.3 4.7 M 111,700
Run-0-M3 ENE(65.5◦) 90◦ 41.9 2.4 M 18,124
Run-0-M4 NNW (335.5◦) 90◦ 34.5 3.1 M 12,356
7.3. Results of the rock inhomogeneity measurements. After analysing the
measured data the muon flux was calculated based on the reconstructed tracks. The
1Azimuth directions of the detector-system readout reference were SSE(155.5◦) for Run-0-M2
and Run-0-M3, and for Run-0-M4 this was ENE(65.5◦)
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three measured and partially overlapping flux maps were merged together with the
proper geometry and normalization [20]. The obtained flux map is shown in Fig. 15,
where the muon flux is plotted by color-scale contours as a function of azimuth
and zenith angles. The three data settings, providing cosmic muon (track) rate of
0.005-0.02 Hz was sufficient to provide flux measurement with 5 − 50% statistical
errors (depending on zenith angle). The measured flux has a maximum value of
0.7 m-2sr-1s-1 plotted with white color at 20◦ zenith angle, exactly towards the West
direction. The detector-to-surface distance is indicated with dark contour lines in
the Figure 15 with an estimated relative error of 5% (5 m at the zenith).
Figure 15. The cosmic muon flux map measured in MGGL is plotted
as a function of azimuth and zenith angles from the detector position.
Color-scale contours show the muon flux, dark contour lines show
the detector-to-surface distance in meters. White arrows show the
direction of the detector box.
One can observe that the surface distance and the muon flux reasonably match
each other in Fig 15. With the present statistics of the muon flux measurement, the
rock thickness, assuming homogeneous density, can be constrained to a precision of
10 − 25 m. Within this relatively broad margin, the data do not show any large
density inhomogeneities or cavities above the MGGL. Based on these promising
results, the muon flux measurements will be continued to improve the rock density
determination in the future.
8. Summary and discussion
The low frequency velocity of the andesitic rocks in the Gyöngyösoroszi mine
is cl = 0.6455kms , according to the data in section 2. The typical P and S wave
speeds of andesitic rocks are vP = 5 − 6kms and vS = 2.8 − 3.4kms [30]. Therefore,
the transfer function of a rock mass at low frequency are better approximated by
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laboratory measurements of elastic moduli than the usual seismographic P and S
wave velocity maps. A possible explanation is in the Appendix.
The timeline of the different instruments of MGGL during the 6 months of RUN-0
is shown on Fig 16.
RUN-0 Muon
Quiet dayInfraSeismo-2Seismo-1
Mar Apr May Jun Jul Aug Sep
Figure 16. The timeline of the different instruments of MGGL dur-
ing RUN-0 data collection.
During this test period the partially disjunct data acquisition periods restrict the
possibilities of correlated and complex data analysis. In the next data acquisition
period in 2017 (RUN-1) we expect reliable parallel data collection from all installed
equipments, which would provide a detailed study and precise identification of dif-
ferent sources of low frequency noise.
Seismic measurements have shown that the environment of MGGL is more quiet
than surface locations at the investigated frequency range (see Figures 4, 5). The
noise spectra form MGGL were compared to the nearby seismological surface station
at Piszkéstető. The preliminary site survey of Einstein Telescope assigned Mátra
mountain range as one of the quiet locations in Europe [3, 5]. During that study
the seismic noise was measured for 3.5 days in two underground locations inside the
Gyöngyösoroszi mine. The position of the less deep measurement was at 1435 m
from the entrance, deeper in the mountain than the MGGL by 150 m. A qualitative
comparison of the data of this previous registration period to our data with Guralp
seismometer shows that the noise level of our recent long term measurements is
slightly higher in the specific frequency range. However, a similar qualitative com-
parison to the measurements of the special seismometer of the Warsaw University
indicates less difference. It is remarkable, that the noise level of the specially orga-
nized quiet day is close to the noise level of several other "normal" days, as one can
see on Figure 8.
The seismic noise rms level from displacement spectra averaged in time and inte-
grated for frequencies above 2 Hz was accepted as site noise characterisation number
in [6]. During the test RUN-0 data collection at MGGL the rms level of the Guralp
seismometer data in the quiet periods is similar that the rms level reported in the ET
preliminary survey in the less deep measurement location inside the Gyöngyösoroszi
mine. One of these periods was e.g. the specially organized quiet day, 16th July
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2016, when recultivation activities and water pumping were ceased. Further inves-
tigations for the identification of natural and human activity related noise sources,
like in [23], are under progress.
The relatively high infrasound noise level (see Fig. 9), when contrasted to the
low seismic noise, indicates that the human activities inside the mine did not filter
into and do not propagate in the calm rock mass environment at the investigated
frequencies.
The comprehensive geophysical study of the site involves detailed electromagnetic
investigation of the local environment, too. Our preliminary noise measurements
indicate a high-level electromagnetic noise that prevents the reliable determination
of natural ones without increasing the effectiveness of filtering. We also plan a
magnetotelluric exploration of the site to recover the spatial distribution of the
electric conductivity in the close vicinity of MGGL.
Based on the present data statistics, our underground muon flux measurement in
MGGL indicates homogeneous density above the measurement location up to the
precision of 10-15 m depending on the zenith angle.
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10. Appendix: Rock mechanics and rheology
For the site selection of Einstein telescope the rock mass properties are interesting
because the rock mass damps the external noises and also may be a source of noises.
In both cases to understand the damping properties of various rock types at the
relevant scale and relevant frequency range one needs to consider realistic material
damping theories. Moreover, the knowledge of low frequency dispersion relation is
the key of filtering the gravitational gradient noise. In this Appendix we shortly
outline a simple model of acoustic damping in rocks based on [31].
The wave damping of rocks is considered by a general exponential attenuation fac-
tor in seismology. That method focuses on amplitude and phase changes, without
considering particular material models beyond elasticity [24]. However, time depen-
dent properties of rock and also rock mass require more sophisticated models, and
taking into account material dependent dissipation both on large scales [25, 26] and
in laboratory size samples [27, 28, 29]. Considering the difficulty and complexity of
particular dissipation mechanisms in heterogeneous rock material, the construction
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of a detailed mesoscopic description is complicated, a universal mechanism indepen-
dent model is preferable. That kind of theory is provided by local non-equilibrium
thermodynamics with a single tensorial internal variable. This is the simplest consis-
tent rheological constitutive relation, where universality is ensured by general ther-
modynamic principles [42, 31]. Moreover, its suitability for time dependent rock
characterisation is verified by the anelastic strain recovery (ASR) methodology, the
available most sensitive in situ rock stress testing method [27, 28].
10.1. Thermodynamic rheology. Microstructural effects on mechanical proper-
ties of elastic materials is a traditional subject of thermodynamic rheology [32, 33].
In this case a single, local, second order and symmetric tensorial internal variable
should be introduced, which evolution couples to mechanical dissipation. Here a
thermodynamical framework enforces a particular combination of inertia, relaxation
and creep for dissipation for both the spherical and deviatoric components of the
stress-strain relation. It is also remarkable that this complex material model arises
with the simplest possible thermodynamic considerations, with a single internal vari-
able without weak nonlocality. The theory leads to a fundamental thermodynamic
rheological model, the Kluitenberg –Verhás body [31].
The elimination of the internal variable leads to the following expression between
stress, σ and strain, :
τ σ˙ + σ = E2¨+ E1˙+ E, (1)
The coefficients have clear physical interpretation: τ is the stress relaxation time, E
is the modulus of elasticity, E1 is a modulus of viscosity and E2 represents material
inertial effects. Every coefficient is nonnegative, moreover
E1 − Eτ > 0, (2)
due to the nonnegative entropy production and concave entropy. The special cases
must be analysed considering the original, thermodynamic coefficients, because the
empirical ones are not independent. E.g. from the requirement of τ = 0 follows that
E2 = 0 and simple stress relaxation is forbidden.
The relevance of the Kluitenberg –Verhás material model for rocks is confirmed
by the ASR method. There rheological properties of borehole rock samples are
measured and analysed to determine in situ underground stress conditions. The
application of the proper rheological model is the key of the quantitative evalua-
tion. The basis of the experimental analysis in the most reliable methodology is the
complete Kluitenberg –Verhás body both for deviatoric and spherical parts of the
stress–strain relation [34, 27, 28].
10.2. Dispersion relations of the Kluitenberg –Verhás medium. The
Kluitenberg –Verhás body is best understood as a time-hierarchical two level
Kelvin –Voigt system, as it is seen from the following rearrangement of (1).
τ
d
dt
(σ − (I2 + 1)I1˙− E) + (σ − I1˙− E) = 0, (3)
Where I1 = E1 − τE is the index of damping and I2 = E2 − τI1 is the index of
inertia [31]. This form shows well, that τ = 0 is not necessary for linear viscoelastic
behaviour. If I2 = 0, then the same linear viscolastic Kelvin-Voigt body appears in
both in the first and the second terms of equation (3), therefore the stress/strain
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relation is classical linear viscoelastic creep. Otherwise the tendency to equilibrium
can be damped oscillation or exponential relaxation depending on the sign of I2
[35, 36, 37, 31].
It is straightforward to calculate the dispersion relation of the coupled thermo-
rhelogical-elastic continuum in one spatial dimension, considering the basic balances,
together with the Kluitenberg-Verhás material model. One obtains the following
formula for the square of the phase velocity:
c2 =
E1ω + i(ω
2E2 − E)
ρ(τω − i) =
1
ρ
(E + ω2(τ 2E − I2))− i ω(I1 + ω2τ(τI1 + I2))
ω2τ 2 + 1
. (4)
Both the dispersion relation, (4), and the original constitutive relation, (3),
show two propagation speeds in the medium. The propagation speed at low fre-
quencies, cl =
√
E
ρ
, is different from the propagation speed at high frequencies,
ch =
√
E
ρ
− I2
ρτ2
. In these two marginal cases the waves are not damped and in
between there may exist a particular frequency where the dissipation is minimal:
ωdmin ≈
√
I1
τE2
. Then the propagation speed may be far from its zero frequency
limit, cl. The effect is similar to the "window condition" of low temperature heat
conduction, where the optimal experimental heat pulse length is determined from
the minimal dissipation condition [38]. A more detailed analysis of this dispersion
relation can be found in Refs. [39, 40].
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